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Hydrogen is a highly versatile energy vector, and most importantly, its oxidation, which releases energy, is
a green process with no associated emissions. Hence, it is considered a green alternative that can supply
energy and simultaneously reduce global warming. This gas, however, does not occur naturally in
sufficient quantities and needs to be synthesized using different resources. The two most feasible
methods for producing H; are steam methane reforming and water splitting via electrolysis. Therefore,
these two processes were reviewed first, and subsequently, a complete sustainability analysis was
performed using currently available data. It has been found that input raw materials such as methane and
water will be required in ‘gigatonne’ quantity every year. Although availability of water does not pose
supply risk, methane production falls far short of the requirement and becomes a supply risk. The
conversion of these into H, requires energy and results in the production of ‘Gt" of CO,. For example,
the production of 1 Gt of H, using the steam methane reforming process requires ~3.6 EJ of energy and

releases ~10 Gt of CO,. In contrast, water splitting electrolysis requires ~198 EJ of energy and releases
Received 28th July 2024

Accepted 5th September 2024 anywhere from 102 Gt to 220 Gt of CO,, depending on the electricity generation mix. Additionally, they

have ecological impacts in the form of acidification, marine toxicity, particulate emissions and so on,
DOI: 10.1035/d4su00420e which affect all life forms on the earth. This analysis clearly shows that complete transitioning to H»-

rsc.li/rscsus based energy supply is unsustainable and only a fraction of the energy needs can be supplemented.

Sustainability spotlight

Hydrogen is a highly versatile energy vector, and its combustion to release energy produces water without any associated emissions. Hence, there has been
a strong push to transition to hydrogen as the sole energy carrier which has the potential to limit/arrest the global warming phenomenon. This has essentially
resulted in the term ‘hydrogen economy’, which is being discussed around the world. In this context and current scenario, it has become highly relevant and
timely to assess the environmental and ecological sustainability of transitioning to this energy source. This review has therefore been undertaken to assess the
sustainability of large-scale hydrogen production, which will be essential for energy transition.

there are worldwide discussions regarding an economy that is
powered solely by this element, a ‘hydrogen economy’.”™*?
Therefore, the question arises—is this all only ‘empty talk’ or is
there a solid substance behind these discussions. Before

1. Introduction
1.1. Brief history

Hydrogen is the most abundant element on the earth and in the

universe as far as current knowledge goes. On the earth, it is
present mainly in a combined form with other elements, mostly
oxygen and carbon. In the universe, it is present as a fuel that
sustains and powers stars such as the sun. The presence of
hydrogen on the earth was discovered way back in the 15th
century, but it was only in the 18th century that it was called
‘hydrogen’, meaning ‘water former’, by the French chemist
Antoine Lavoisier." All the elements in the periodic table origi-
nate from hydrogen, the building block. It is the starting
element in the periodic table with just 1 electron and 1 proton
and is commonly perceived to exist only as a gas. Yet, this gas
has gained considerable interest lately across the world, and
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addressing this question, it is important to understand some
basic aspects of this element hydrogen (H,).

Hydrogen is the smallest and lightest element known, which
is highly unstable in monoatomic form and hence exits in the
diatomic form, H,, as a molecule. In the presence of elements
such as oxygen and carbon, the monoatomic form is unstable
and combines to form compounds such as water and hydro-
carbons, and hence, it has been predicted to be not commonly
occurring even in molecular form. This notion, however, has
been recently challenged after the discovery of several naturally
occurring sources/deposits as well as constantly forming sour-
ces.'" The exact amount of naturally occurring H, is not clearly
known as it is being actively explored, and the current estimates
for the flux of gas that emanates from the geological formations
vary from 0.1-10 Mt per year.**'**® Furthermore, H, can and is
produced from various sources - gas, liquid and solid, and it is

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00420e&domain=pdf&date_stamp=2024-10-26
http://orcid.org/0000-0003-4138-0022
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00420e
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU002011

Open Access Article. Published on 09 Thang Chin 2024. Downloaded on 19/04/2026 9:18:01 SA.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

used extensively in applications varying from fertilizers for
agriculture to fuels for space shuttle. The growth in the
consumption of H, since 1975 for various applications is shown
in Fig. 1. It can be seen that the use of H, for methanol
production, an alternate fuel, has been steadily increasing
including for other applications. The amount of H, produced
from natural resources such as natural gas or biomass or coal
for these applications has reached about 120 Mt in the year 2022
and is growing.

1.2. Colors of H,

Before we proceed to discuss the various aspects of H,, it is
important to understand the different variants of H, and their
environmental connection. Since H, can be produced from
various sources, both non-renewable and renewable and the
source of energy for this production can again be non-
renewable or renewable, distinction has been made by attrib-
uting different colors.”** It should be noted that the color
coding of H, is not unique and there is no universal agreement
for the color codes. This has been done primarily to distinguish
the different ways of production. The different colors and
attributes are shown schematically in Fig. 2. First, the naturally
occurring H, gas, its color coded ‘Gold’ as it is pristine, does not
require any special processing, which results in environmental
emissions. Another source of H, which does not result in any
emissions is the process of ‘serpentinization’, wherein water
coming into contact with ferrous salts of Fe, FeO, leads to H,
release according to the following reaction:

2FeO(s) + H,O(1) — Fe,05(s) + Hy(g) — AH (1)

This reaction requires suitable temperature and pressure
and has been known to occur in sub-surface terrains with Fe-
containing rocks, typically magnesium silicates. This H, is
color coded as being ‘White’ and has been found in many
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Fig. 1 World consumption of H, for different applications, ranging
from ammonia manufacturing to direct reduction of iron ores (DRI).
Refining is for petrochemicals, while methanol is an alternate fuel
made using H,.® The world consumption has increased steadily from
~30 Mt in 1975 to 120 Mt in 2018 with refining and ammonia
production being the major users.
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Fig.2 H; can be produced from a wide variety of natural resources —
non-renewable such as natural gas and coal and renewable such as
water. Depending on the method of production and CO,(e) emission
potential, it has been attributed different colors, which are shown here
along with the method of production. Naturally occurring H, can also
be of different origins, and depending on this, it has also been color
coded. The exact definition of each of these variants is given in the text.

locations across the earth. Since this is a naturally occurring
reaction, the H, content is generally low and is normally mixed
with natural gas, CH,. If this process can be externally stimu-
lated by pro-actively pursuing such rock formations, water
hydrolysis can be performed naturally and this form of H, is
referred to as ‘Orange’. This method of production is being
pursued and developed actively across the world and has the
potential to become a major renewable source. Currently, H, is
produced on an industrial scale using naturally occurring
methane gas as the source, and this process is generally termed
the reforming process. Since this process results in the emis-
sion of 1 mole of CO, for 2 moles of H, produced, it is referred to
as ‘Grey’ H,. However, if this CO, is completely captured and
sequestered or utilized (CCUS), the resulting H, is referred to as
‘Blue’. A nearly emission-free process of producing H, will be
using renewable energy resources such as sun, wind and
hydroelectricity to reform methane and subsequently sequester
the emitted CO,. Currently, significant efforts are being made to
scale up this process for large-scale production. If H, is
produced from coal using gasification as the process, it is
colored either ‘Brown’ or ‘Black’ depending on whether the coal
is lignitic or non-lignitic in nature, respectively. H, can also be
produced by the pyrolysis of natural gas without emitting CO,
but producing solid C and this is color coded ‘Turquoise’. The
sources of H, in the above-mentioned schemes are naturally
occurring fossil fuels. Another nearly infinite source however is
water (H,O), which can be split into its constituents. If the
source of energy for this splitting is nuclear, the resulting H, is
referred to as ‘Purple/Pink’. Another most often discussed
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hydrogen production route is the splitting of water using
completely renewable electricity generation schemes such as
solar, wind or hydroelectric. This form is color coded ‘Green’ as
it has emissions essentially due to the installation and opera-
tion of different electricity generation schemes. These color
schemes indeed show the multiplicity of producing H, and
a variety of processes feasible to produce the gas. All the
different forms have varying degrees of greenhouse gas emis-
sions at different stages of production (Table 2), clearly showing
that completely emission-free hydrogen is not possible. If one
were to transition to H, and a H, economy, these production
processes need to be significantly scaled up. The flip side
however is that the environmental footprint of these technolo-
gies should be significantly reduced or even eliminated
completely. This makes it imperative to understand these
processes and evaluate their environmental impact and long-
term sustainability. The different large-scale production
processes that are known currently, which have the potential to
be scaled-up, are discussed below.

1.3. Hydrogen - gas, liquid or solid

H, as we know exists in a gaseous form under normal temper-
ature and pressure conditions. Since this is the lightest element
known with a density of 0.08 kg N m™> under normal condi-
tions, it becomes extremely ‘voluminous’ to handle large
quantities required for large-scale utilization in a hydrogen
economy scenario. Hence, it becomes important to understand
the conditions under which it can exist in a higher density form
than the gaseous state, such as a liquid or a solid.**** The
pressure and temperature dependence of existence of the
different forms - gas, liquid or solid, is shown in Fig. 3, the
phase stability diagram.

If the gas is cooled at an atmospheric pressure of 10°> Pa (1
atm), it condenses into a liquid at ~20 K (—253 °C), and if cooled
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Fig. 3 Pressure—temperature or phase stability diagram for H, shows
the temperature—pressure fields, where it exists as gas, liquid or solid. It
can be seen that extremely low temperatures and high pressures will
be required to transform from one phase to another, including the
solid phase. There are several variants within the solid and liquid phases
and these are not shown here for simplicity. At room temperature and
atmospheric pressure, it exists in the gaseous state.
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further to <14 K (-259 °C), it undergoes transition to a solid state.
These transition temperatures depend on pressure but require
the gas to be cooled to at least 33 K (—240 °C) to transform at very
high pressures. The density of H, changes by about 3 orders of
magnitude to ~71 kg N m~ on transforming to the liquid state
(Table 1),>* and thus, enhances its transportability as well as its
energy density. The energy content of H,, a technologically
important parameter, is defined as the ‘heating value’ (HV) when
it is converted into H,O upon exposure to oxygen. The corre-
sponding exothermic chemical reaction is written as follows:

Ha () + ,0:(e) ~ H:0(1) + AH ®

The magnitude of heat released as a result of this exothermic
reaction is termed the ‘highest heating value’ (HHV) and is
found to be 142 MJ kg™" (12.8 MJ N m?) of H,. In most
common practices, however, H,O is in the gaseous form (steam)
and results in loss of heat or energy if this is not recovered. The
corresponding energy released on transformation to steam is
termed the ‘lower heating value’ (LHV) and is found to be ~120
MJ kg™' (10.8 MJ N m®). Converting the gas into liquid
increases the energy density by orders of magnitude but
requires extraction of a large quantity of latent heat to cool the
gas. Moreover, storing and transporting in the liquid state
require the development of highly thermally insulating
containers and pipelines. Hence, H, is manufactured, stored
and transported in a compressed gaseous state. Since the mass
density in the gaseous state increases with the increase in
pressure, the energy content increases upon increasing the
pressure, as shown in Table 1, and hence, H, is transported in
pressurized form if not in the liquid state. This will increase the
energy density although it is still far below that of gasoline, for
example. The volumetric energy density of gasoline is ~3 orders
of magnitude higher than that of H, gas but it is non-renewable.

1.4. Objectives of H, economy

The current scenario of global warming due to emission of
various greenhouse gases has necessitated a shift from energy
sources such as coal, oil and natural gas to non-polluting
alternatives such as sun and wind. In this context, H, is
proposed as a clean source of energy with minimal emissions.
As an energy carrier it is extremely versatile and can substitute
the fossil fuel-based energy carriers currently in use. If a tran-
sition to H, should occur, then all the different energy
requirements along with the current needs in various applica-
tions have to be fully met, which means that the demand will
increase manifold from the current level of 120 Mt per year.
Hence, it becomes imperative to understand and analyze all the
different aspects of H, — production to transport to utility. Most
importantly, the true gain to the environment as well as its
sustainability in the long run needs to be assessed. The sources
of H, can be broadly classified into non-renewable and renew-
able sources. The different non-renewable sources are hydro-
carbon gases, coal, tar sands, heavy oils and so on. The
renewable sources are different types of biomass and water. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Physical properties of H, together with their potential heating values or energy delivery capacity on oxidation. The higher heating value
can be realized if the energy in steam is gainfully extracted. The ignition temperature is high but the lower flammability limit is only 4 vol%, which
makes it crucial to control leaks. Compressing the gas to different pressure levels leads to increased energy content and hence aids trans-

portation logistics

Property

Value

Density (gas)

Density (liquid)

Higher heating value (HHV)
Lower heating value (LHV)
Energy density of gasoline
Heat of vaporisation

Ignition temperature

Lower flammability limit, in air
Upper flammability limit, in air

8.988 x 10 > gem ?

70.8 x 10 gem ™

142 MJ kg~ '/12.77 MJ m*/39.45 kW h kg~ '/3.946 kW h m*
120 MJ kg™/10.79 MJ m3/33.33 kW h kg™%/2.99 kW h m~*
46 MJ kg '/12.2 kW h kg /9.7 x 10* kW h m*

444 KJ kg ™!

585 °C

4 vol%

75 vol%

Pressure, MPa

Energy content, 10° MJ m >

20
55
70
80

2.53
6.96
8.86
10.12

Table 2 Comparative statement of different colours of hydrogen with respect to their potential for greenhouse gas (GHG) emission reduction.
The comparison is limited to just three categories, high, medium and low in order to keep it simple and avoid excessive gradation. It can be seen
that all forms of hydrogen have associated emissions at different stages of their production, including green hydrogen

Colour GHG reduction potential Comments

Gold High Naturally occurring; extraction related emissions only

White High Identification of geological formation; extraction related emissions only

Orange High Identification of suitable silicates; pumping water and extraction related emissions
Grey Low Source (methane) and energy are from fossil resources; both have associated emissions
Blue Medium Strongly dependent on emissions sequestration

Brown/black Low Source (coal) and energy from fossil resources; both have associated emissions
Turquoise Medium Pyrolysis of source; solid carbon hence no emissions; energy for pyrolysis has emissions
Purple/pink Medium Renewable source (water); nuclear energy (low carbon footprint)

Green High Renewable source (water); renewable energy resources

most common non-renewable source that is currently used
extensively is methane (CH,), as it has the highest H/C ratio of 4
and the most renewable source is water (H,O), which can be
split using electricity. Hence, in the present work, the conver-
sion of CH, and H,O0 into H, is discussed in detail, as they hold
the highest potential for scaling up to extremely large quantity
production. The objective of this work, therefore, is to review
the different aspects of the supply chain and associate wherever
possible environmental and ecological factors to these
processes. It should be mentioned here that since most of these
processes are not performed on a large scale, the environmental
parameters and materials issues will either be extrapolations or
estimates. These, however, will need to be refined/modified, as
we gain experience in the future and development takes place.

2. Hydrogen production
2.1. Natural hydrogen

Naturally occurring H, deposits are currently not fully explored
and mapped due to various reasons such as economic and

© 2024 The Author(s). Published by the Royal Society of Chemistry

geopolitical, including non-availability of accurate detection
methods.” The concentration of H, gas in the naturally occur-
ring deposits varies from region to region as the source is
different in different locations. The concentration of H, in these
deposits can vary from 10% to >90%.'#'*?**?%*” The most
common gases associated with H, in these deposits are N,, CH,
and a combination of these gases. An interesting aspect of some
of these deposits is that there is a constant production of fresh
H, due to reactions such as serpentinization, which means that
it is a never-ending source. Although these sources exist and
new deposits are being discovered, a challenge however is to
separate H, from the other gases and make it suitable for
transportation and consumption. Current estimates show the
naturally occurring H, gas potential is ~0.1-10 Mt per year. The
industrial requirement, other than being an energy carrier
alone, is ~120 Mt per year, far in excess of current naturally
occurring deposits. The current gas requirement is far in excess
of naturally occurring resources. Recently, however, the US
Department of Energy awarded a USD 20 million grant program

RSC Sustainability, 2024, 2, 3202-3221 | 3205
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to explore the possibility of extracting naturally occurring H,,*
bolstering the search for naturally occurring H,. Another source
is freshly forming H, as a byproduct of serpentinization reac-
tion that occurs in ocean ridges. H, yields of up to 300 mmol for
every kilogram of rock are predicted due to this reaction and
this has been detected along the mid-ocean ridges.*®

Historically, it has been produced from a range of sources
such as natural gas to coal to meet the industrial needs.
Synthesizing it however has the biggest advantage, as it results
in nearly pure state with very low quantity of impurities and
thus fit for direct use in many applications ranging from
production of fertilizers to electricity generation. If one were to
transition to H, and a H, economy, these industrial production
processes need to be significantly scaled up. The flip side,
however, is that the environmental foot print of these technol-
ogies should be significantly reduced or even eliminated
completely. This makes it imperative to understand these
processes and evaluate their environmental impact and long-
term sustainability. The different large-scale production
processes currently known which have the potential to be
scaled-up are discussed below.

2.2. Reforming

Reforming is a process which converts naturally occurring
hydrocarbons into H, and CO, (CO). The naturally occurring
hydrocarbons can be gaseous - natural gas, liquid - wet
biomass, or solid - coal.>****® The most commonly used starting
material, however, is natural gas (CH,). The main advantage of
this source is that it generates 2 moles of H, for every mole of
CH, and releases only 1 mole of CO, and is therefore one of the
main resources used currently for large-scale production.

2.2.1. Natural gas reforming. Natural gas occurs on its own
in gas fields or along with oil in oil fields and coal in coal fields.
The natural gas content in the gas fields varies depending on
the geological location and the CH, content can vary from 70%
to 95% with the rest made of higher hydrocarbons such as
ethane, propane, butane, pentane and hexane.*® Non-
hydrocarbon gases such as S, N,, H,0, H,S, and CO, will also
be present with CH,. Most of the higher hydrocarbons undergo
liquefaction when they are brought to atmospheric conditions
from high-pressure gas wells and thus ease the gas separation
process. The non-hydrocarbons, however, should be stripped
completely before the reforming process as they tend to poison
the reforming catalysts. The cleaning process has to be per-
formed before CH, enters the reformer reactors, which means
a ‘cleaning process plant’ has to be set-up either at the gas well
or at the reforming plant. Moreover, the extracted natural gas
has to be compressed and transported through gas pipelines or
if it is to be processed at far away distances from the gas well, it
has to be liquified at 109 K (—164 °C) and transported via
cryogenic containers.

The steam-methane reforming (SMR) process, which is the
most reliable process known, produces H, in several steps or
reaction vessels.”®****® The first step in this process is the
conversion of CH, into CO and H, based on the following
reaction:
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CHa(g) + H>O(l) — CO(g) + 3Ha(g) — AH (3)

where AH is the reaction enthalpy and the negative sign indi-
cates the endothermic nature of the reaction. This reaction
takes place in the temperature range of 700-1000 °C under
a pressure of 0.3 MPa to 2.5 MPa. It is an endothermic reaction
overall requiring ~252 kJ per mole® of CH, and a catalyst with
an extremely large specific surface area (60-100 nm size, Ni
particles). The steam-to-C ratio in this reaction is extremely
critical and should be ~2-5 to avoid carbon build-up on the
catalyst particles, which poisons them. If H,O is supplied in the
form of steam, the amount of heat energy required is reduced to
~206 kJ per mole of CH,. The reaction product, mixture of CO
and H,, is generally referred to as ‘Synthetic gas’ or ‘Syn gas’.
Since CO is a toxic gas which needs to be oxidized before
released to the atmosphere, this gas mixture is further sub-
jected to water exposure, Water Gas Shift (WGS) exothermic
reaction, given as follows:

CO(g) + H>O(g) — CO,(g) + Ha(g) + AH (4)

The temperature of the incoming synthetic gas and steam
should be maintained at ~400 °C as the above reaction is
exothermic in nature releasing 41 kJ per mole of CO. This
reaction takes place under a pressure range of 0.1 MPa to 8§ MPa.
The reaction, however, does not really go to completion and the
product gases will have ~2 vol% of unreacted CO. If ultrapure
H, is required, the product gas is further subjected to 2 addi-
tional stages of WGS reaction at 200 °C and 100 °C to bring
down the CO content to <0.002 vol%.

The main steam-methane reforming reaction (eqn (3)) is
highly endothermic and also the conversion of water to steam
requires heat input. In order to overcome some of these heat
requisites, two alternatives are explored:

e Supplying the required heat by burning a fraction of
incoming CH,, typically ~25%. This is called allothermal
reforming.

e Autothermal reforming - in this process, air/oxygen is
added to the incoming reactants, which results in an
exothermic methane oxidation reaction that supplies the heat
needed to push the reaction forward. Both steam reforming and
partial oxidation reactions occur simultaneously at ~950-1100 °©
C and 10 MPa pressure in the presence of a catalyst. The net
autothermal reaction is given as follows:

SCHy4(g) + 3H;0 + O5(g) — 5CO(g) + 13Hx(g) (5)

This reaction involves a series of reactions, and controlling
the mixture of reactants and maintaining proper steam-to-C
ratio will be extremely crucial in this process. A reduced ratio
of 0.6 and a correct fraction of oxygen/air supply the heat
required and hence no external heat source will be needed to
generate H,. Since no heat is required and all the reactions can
occur in a single reactor, it will be a compact process with
possibly low capital cost.*> The products of this process,
however, are still a mixture of gases, and H, needs to be sepa-
rated. Moreover, if air is used, it will add N,, to the product gases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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while addition of pure O, requires its cryogenic isolation from
air.

An alternative to steam reforming is ‘dry’ reforming, wherein
CO, is used instead of H,O as follows:

CHy(g) + CO5(g) — 2CO(g) + 2H,(g) + AH (6)

This is again an endothermic reaction requiring about 247 kJ
per mole of CH, and also a suitable catalyst. The main advan-
tage of this method is that it does not require high-purity water
and recycles existing CO, without leading to any additional
emissions. However, this reaction is not fully explored and
needs research and development. If one considers the overall
steam reforming reaction given by

CHy(g) + 2H>0(g) — CO5(g) + 4H,(g) + AH (7)

It is seen that for every mole of CH, 4 moles of H, are released
with the additional 2 moles coming from H,O. Hence, this
process is a combination of methane reforming and water
hydrolysis, which is why it is a preferred method for industrial
production. The result of either steam-methane reforming or
dry methane reforming is a mixture of the two gases H, and
CO,, which means that they need to be separated in an addi-
tional process step to get pure H,.

2.2.2. Plasma reforming. Hydrogen is produced in this
method by the decomposition of CH, into solid C and H, gas.
The decomposition can be performed either without any solid
catalyst at very high temperatures, 3000-10000 °C, or in the
presence of a catalyst at lower temperatures.** The overall
energy consumption for this process is lower than that in steam
reforming, and ideally, it does not have any emissions as C is
deposited in the form of soot, which can be used for other
applications. The life of the catalyst, however, decreases rapidly
due to deactivation by C, and hence, needs frequent reac-
tivation, which will result in CO, emissions. Since the process is
simple, the reactors can be compact in design. The energy
required is solely in the form of electricity, which can be
a deterrent in many locations. Partial substitution of energy
requirement can be made by the addition of steam and oxygen,
but control of these processes is not well established. The
energy utilization and efficiency of the plasma process limits its
use and developments in these can render this process
competitive for large-scale application in the future. It should
be noted that the use of oxygen or steam in the reformer will
lead to generation and emission of CO,, which has to be strip-
ped from H,.

2.2.3. Sorbent-enhanced reforming. This is a variant of the
steam reforming process with the main reforming reaction and
gas separation combined into a single process.** The CO,
generated is absorbed by a solid sorbent present along with the
catalyst. The constant removal of CO, from the reaction
chamber shifts the reaction forward and also reduces the
reforming temperature from ~900 °C to ~500 °C. The product
output of this process is ~90% pure H, with the rest composed
of unreacted CH, and small amount of CO,. The sorbent soaked
with CO, can be revived by flushing it with steam and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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subsequent condensation of steam into water releases the CO,
for sequestration. Therefore, the reactor is extremely compact
and lends itself for sequestration, making it very promising for
further development and commercialization.

Apart from the CH, gas, materials such as coal and biomass
(both dry and wet) have been proposed and also demonstrated
as sources of H,. The gasification of coal, for example, does
result in producing synthetic gas but the amount of H, in this
gas mixture is relatively low and does not exceed about 50%
with majority of the cases yielding about 10-15%. This product
gas however contains several harmful and toxic gases, metals
and particulates. Similar is the case with biomass, both dry and
wet. Therefore, from the perspective of large-scale production
for H, economy, these technologies do not really hold promise
either from environmental or economic considerations, and
hence, these will not be discussed in detail here.

The sources of H, in the different processes discussed above
are mainly fossil-based hydrocarbons including coal. The other
main source of H,, as mentioned in the introduction section, is
H,0. In the steam reforming process, water also undergoes
hydrolysis but in the presence of, and together with, hydrocar-
bons. However, H,O itself can be a source of H, when it is
separated into components on supply of required amount of
energy and in the presence of suitable catalysts. If one were to
supply the required energy to split H,O in the form of heat, i.e.,
thermal decomposition, then heating to ~3000 °C leads to
about 50% of volume decomposition into H, H,, O, OH™ and O,.
The decomposed gases should be separated to avoid recombi-
nation, and separation at these elevated temperatures is
extremely difficult. Hence, pure thermal decomposition is never
practiced and alternate forms of energy are used to split H,O.
The most versatile form of energy is electricity, i.e., electrolysis
of water and this process is used industrially and is being
developed for large-scale adaptation. Hence, the discussion on
splitting H,O is limited to the various forms of electrolysis.

2.3. Water splitting by electrolysis

Electrolysis is a process wherein H,O is split into its compo-
nents H, and O, using electricity as the source of energy for
splitting, as shown in Fig. 4. The distinct advantage of this
method of producing H, is that it can be environmentally
neutral, sustainable and completely circular in nature if the
primary energy source is renewable in nature such as solar and
wind. The splitting of water produces O, which is environ-
mentally friendly and this can be used for many applications
including medical use. In a truly closed system, however, it can
be used for oxidation of H,, which releases useful energy and
will also result in the formation of H,O, which can either be
used again for splitting or released into the atmosphere.

Electrolysis can be performed under different conditions
and in the presence of different electrodes and electrolytes, each
of which will have differing physio-chemical and electro-
chemical aspects.*® There are mainly 4 different configurations
of electrolysers, which are as follows:

e Alkaline (AEC),

e Proton Exchange/Polymer Electrolyte Membrane (PEM),
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e Anion Exchange Membrane (AEM), and

e Sold Oxide Electrolyte (SOC).

The typical cell structure of these 4 different electrolysers is
shown in Fig. 5.7 Irrespective of the type of configuration, H,
evolution occurs at the negative cathode while O, evolution
occurs at the positive anode. The half-cell reactions in the 4
electrolysers and the corresponding standard potentials are
given as follows:

Alkaline:

Storage/
Transport

Electricity
(Renewable)
Useful
Energy

Environment

2H,0(1) + 2¢~ — Hy(g) + 20H™ E° = 0.828 V at negative cathode

Fig.4 Splitting of water (H,O) using renewable electricity is a net-zero 1
emission process and is also circular in nature, becoming completely 20H™ — iOz(g) +H,0(1) + 2¢~ E° = 0.401 V at positive anode
sustainable. This is because the product of H, combustion will

produce H,O, which can be reused if collected at the source and
recovered completely. This process can be least harmful both envi-

' Proton Exchange/Polymer Electrolyte Membrane (PEM):
ronmentally and ecologically.

4H* + 4e~ — 2H(g) E° = 0 V at negative cathode

N J N P

AEM SOC

Fig. 5 Different electrolysis processes with electrode reactions and dominant moving ions across the membranes are shown. (a) Alkaline liquid
electrolyser cell (AEC) (b) polymer electrolyte membrane (PEM) electrolyser, (c) anion exchange membrane (AEM) electrolyser and (d) solid oxide
electrolyte (SOC) electrolyser. Among the 4 different types of electrolytic cells, the AEC uses a liquid electrolyte, while the others use solid
electrolytes/membranes. The SOC process essentially operates at elevated temperatures.
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2H,0(l) — O5(g) + 4H" + 4e~ E° = 1.23 V at positive anode
Anion Exchange Membrane (AEM):
2H,0(l) + 2¢~ — Hy(g) + 20H E” =0.828 V at negative cathode
20H — %Oz(g) +H,0(1) +2¢~ E° = 0.401 V at positive anode
Solid Oxide Electrolyte:
2H,0(g) + 4~ — 2H,(g) + 20°~ E° = 1.23 V at negative cathode

2077 = 0,(g) + 4e~ E° = 0.33 V at positive anode

It can be seen that OH™ ions are the migrating species in
alkaline and anion exchange electrolysers, while both H" and
0 ions are the migrating species in the case of PEM and Solid
Oxide electrolysers respectively. This means that the nature and
type of membrane that allows permeation of these differently
charged ions in each case have to be different. The ideal ther-
modynamically reversible full-cell voltage varies from 1.23 V to
1.56 V depending on the type of electrolyser. The actual oper-
ating voltages V,, however will be higher than these values, as
they operate under adiabatic conditions and the different losses
such as electrolyte resistance, electrode overpotentials and
electrolyte resistance have to be compensated. The resulting V,,
value can therefore be written as follows:

Vop = EO + IRe + IRcathode/anode + MNcathode/anode (8)

where I is the cell current, R. and Rcathode/anode are the resis-
tances of the electrolyte and electrodes respectively and 7 is the
overpotential at the two electrodes. Currently, AEM and SOC
electrolysers are very much in research and development stage,
while the AEC and PEM have proven technological capability
with large-scale production feasibility. Hence, the typical char-
acteristics of these two electrolysers are given in Table 3
together with their operating conditions.” The PEM electrolyser
operates at a higher pressure than that of other electrolysers,
which makes a difference for effective storage and
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transportation. It should however be noted that these are typical
parameters and variations are adapted for large-scale
manufacturing. The AEM and solid oxide electrolysers are
currently under development and can become operational on
a large scale in the coming decade. Similar to batteries, the
electrolyser cells can be combined either in a monopolar or
bipolar configuration. These are known as stacks or modules
and they can be connected either in series or in parallel
depending on the configuration. Typically, the bipolar stack
design is used for PEM and operates at a higher voltage and
a lower current density than those of the monopolar tank
configuration of alkaline electrolysers. These stacks are
a component of the whole system and the system level
components vary depending on the type of electrolyser.

Apart from steam reforming and electrolysis, H, can be
produced by splitting H,O using solar energy alone, ie.
photolysis. In this case, the required energy in the form of heat
for splitting is provided by concentrated sun light produced
using a number of heliostats. A variant of this process is photo-
thermal electrolysis wherein the infra-red radiation of the solar
spectrum is converted into heat, while the rest of the radiation
is converted into electricity using a photovoltaic cell. The heat
generated converts water into steam and the electricity is used
to perform electrolysis of the steam. There are certain other
processes which are a combination of chemical and thermal
energies that are being developed to split water into H, and O,.
These thermochemical processes have highly acidic environ-
ments and are operated at highly elevated temperatures
because of which they are currently not amenable to large-scale
adaptation, particularly in the context of hydrogen economy.
Hence, all these processes including photolysis and photo-
thermal splitting will not be discussed and analyzed further.

3. Hydrogen separation

Irrespective of the reforming process used, H, is produced
together with CO, and other impurity gases. Hence, separation
from these other gases is mandatory to produce pure H,.
Separation is achieved mainly by the following two different
methods:

Table 3 Typical components of aqueous electrolyte and polymer electrolyte cells and their operating conditions. It can be clearly seen that
various materials ranging from metals to ceramics and polymers constitute the typical cell, both AEMs and PEMs. Even nanoparticles are used for

realizing large specific surface areas in the electrodes

Condition AEC PEM
Temperature, °C 70-90 50-80

Pressure, MPa 0.1-3 <7

Electrolyte KOH (~6 mol L) PFSA membrane
Separator ZrO, with PPS mesh Solid PFSA
Positive anode Ni-coated stainless steel (perforated) IrO,

Porous O, transport layer Ni-mesh
Bipolar plate — anode
Negative cathode

Porous H, transport layer
Bipolar plate - cathode

Frames and sealing compounds

Ni-mesh

© 2024 The Author(s). Published by the Royal Society of Chemistry

Ni-coated stainless steel
Ni-coated stainless steel (perforated)

Ni-coated stainless steel
PSU, PTFE, EPDM

Pt-coated Ti (porous)
Pt-coated Ti

C@Pt nanoparticles

Porous Ti or C-cloth
Au-coated Ti

PTFE, PS